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A clear and reproducible transition to a regime with an improved particle confinement is routinely observed on the
CASTOR tokamak, if the biasing electrode is inserted deep enough into the plasma (r/a ~ 0.5) and biased up to +250V.
The steepening of the radial profiles of the plasma density and potential demonstrate the formation of a transport barrier
just inside the last closed flux surface. Fast relaxations of the edge plasma parameters, with a frequency of about
10 kHz, are observed when the average radial electric field within the barrier prevails values of about 20 kV/m. A
detailed analysis of the spatial-temporal behavior of these relaxations is presented.
PACS: 52.55.Fa, 52.30.-q
1. INTRODUCTION
It is well known that improved confinement in
tokamaks can be induced by electrically biased electrode
inserted in the edge region [1–3]. The biased electrode
drives a radial current between itself and the vacuum
vessel and the resulting j×B force originates sheared E×B
flows, which suppresses plasma turbulence and,
consequently the radial transport is reduced. In some
instances, the resulting regime is similar to the H-mode,
the well-known improved confinement situation, which is
the reference scenario of ITER and future fusion reactors
[4]. Formation of the edge plasma barrier is investigated
on the CASTOR tokamak for several years [2, 5-7]. More
recently, periodic relaxations of the edge transport barrier
during biasing have been observed under specific
experimental conditions. This paper combines main
achievements described already in the paper [8,9] together
with recent result to complete the physical picture of this
phenomenon.
2. EXPERIMENTAL SETUP
The CASTOR tokamak is a small-size facility with the
major radius R = 0.4 m and the minor radius b = 0.1 m,
equipped with a poloidal limiter placed at a = 0.085 m. In
the present experiment, a toroidal magnetic field 1.3 T
and a plasma current 12 kA have been used. The edge
safety factor q(a) is 6…8. An electrode is inserted from
the top of the machine inside the last closed flux surface
(LCFS) and biased up to +300V with respect to the
vacuum vessel. The poloidal limiter is equipped with a
poloidal array of 96 Langmuir probe to measure the
distribution of the floating potential and the ion saturation
current along the whole circumference of the plasma
column at the radius r = 87 mm. In addition, the poloidal
array of 16 Mirnov coils is fixed to the limiter to measure
magnetic fluctuations. The respective position of the
poloidal limiter and the biasing electrode is shown in
Fig. 1. The figure shows the downward shift of the
plasma. Consequently, the LCFS is not concentric with
the leading edge of the limiter and the scrape-off layer
(SOL), which has a much longer connection length than
the major circumference of the torus, appears at the top on
the plasma column.
Fig. 1. The position of the poloidal limiter and the
biasing electrode. The last closed flux surface is
indicated by the black circle
Radial profiles of edge plasma parameters are
monitored by a rake probe with the spatial resolution
2.5 mm. The perpendicular and parallel flows are
measured by a Gundestrup probe [10], while the temporal
evolutions of the electron and ion temperature are
monitored by a segmented tunnel probe [11,12]. These
probe diagnostics are inserted from the top of the torus at
different toroidal positions. The probe data are digitized
with the sampling rate of 1 MHz.
3 EXPERIMENTAL RESULTS
3.1. GLOBAL CHARACTERIZATION OF BIASED
DISCHARGES
The main parameters of the plasma discharge with the
biasing electrode placed at the radial position r/a=0.5 and
positively biased at + 300 V from 10 to 15 ms are shown
LCFS
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in Fig. 2. The time evolution of the plasma current, the
line average plasma density and the Ha line intensity are
shown in the top panels. The last two panels are plots of
the corresponding traces of the biasing voltage and
current. A radial current of »25 A flows from the
electrode towards the vacuum vessel.
Fig. 2. Temporal evolution of a CASTOR discharge
#23999 with the biasing phase between 10…15 ms
A strong increase of the global plasma density during the
bias phase is observed and the concurrent Ha radiation is
reduced to about half of its value during the pre-biasing
phase. These two observations imply an increase of the
ratio ne/Ha , which is interpreted as a net improvement of
the particle confinement during the biasing phase [8]. The
plasma density and Ha radiation recover their initial
values after switching off the electrode bias at 15 ms.
The double rake probe simultaneously measures the
radial profiles of the floating potential, Vf , and the ion
saturation current, Is, with the spatial resolution 2.5 mm.
The time averaged radial profiles before and during bias
are shown in the three panels of Fig. 3. In the top panel a
strong modification induced by biasing on the Vf  profile
is evident in the region within the LCFS, located in this
case at r = 65…68mm (marked by the dashed line), the
radial gradient of Vf substantially increases and finally
changes sign inside the LCFS.  The radial electric field is
estimated as Er = -dVf/dr, by which that the gradient of
the electron temperature is small and neglected. Er
changes from -2 to +10 kV/m within the LCFS. In
particular, two high shear layers of Er with opposite sign
are established during bias in the region from 55 to
62 mm and from 62 to 70 mm.
The last panel of Fig. 3 demonstrates the
modification of the ion saturation current profile during
biasing phase. The density (which is assumed
proportional to Is) reaches a value twice compared the
non-biasing phase. It should be noted that the gradient of
the electron temperature remains unchanged, or is even
slightly decreasing during biasing.
Fig. 3. Time average radial profiles of Vf (r), Er(r) and
Is(r) measured during a 4 ms time interval before
(diamond) and during (star) biasing phase. Radial
position of the LCFS at the top of the torus is marked by
dotted line
The build up of strong gradients of radial electric
field and plasma density is a clear signature of the
formation of an edge transport barrier during biasing,
which is characterized by an enhancement in global
particle confinement as demonstrated in Fig. 2.
3.2. DYNAMICS OF THE TRANSPORT BARRIER
The high time resolution (up to 1 MHz) used for the
edge diagnostics allows a detailed investigation of the
time behavior of the edge plasma parameters. This kind of
analysis shows that the edge plasma starts to oscillate in a
quasi-periodic way.
The onset of the oscillating behavior is demonstrated in
Fig. 4, showing the time evolutions of the electron and ion
temperature, the ion saturation current density and the
floating potential. These quantities are simultaneously
measured by a segmented tunnel probe (STP) [12] located
deep inside the SOL, i.e. at r = 88 mm. It is seen that all
plasma parameters start to oscillate periodically immediately
after switching on the biasing voltage that occurs at 15 ms.
The period of the oscillations is typically 100 ms. Let us now
focus on the evolution of the floating potential (bottom panel
of Fig. 4). We see that Vf oscillates between two values: the
phase with Vf at the lower value, ~ +40V is interpreted as the
period when the transport barrier is formed. The maximum
value of Vf~ +140 V, is roughly comparable with the biasing
voltage, therefore, dVf/dr is low and the transport barrier is
therefore disappearing.
 The ion saturation current density at the very edge of
plasma column dramatically increases just after the collapse of
the transport barrier and corresponds to a transient burst of
dense plasma towards the wall. As it is seen in the top panel,
the electron temperature oscillates in phase with the floating
potential. The temporal evolution of the ion temperature
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reveals the same periodicity, but its origin is rather complex
and not yet well understood.
Fig. 4. Temporal evolution of the electron and ion
temperature, the ion saturation current density and
the floating potential measured by the segmented
tunnel probe at r = 88 mm (in the limiter shadow)
Figure 4 displays data measured in the limiter shadow,
i.e. close to the wall. However, the oscillating behavior is
observed within the whole range of radii between the
electrode and the wall, as it is seen from Fig 5, where the
temporal evolution of edge profiles of Vf,  Er and  Is are
plotted. These data are measured by the double rake
probe, which is composed of two arrays of cylindrical
Langmuir tips equally and poloidally spaced on every 2.5
mm. One array measures the floating potential while the
other one simultaneously measures the ion saturation
current with a temporal resolution of 1 ms. The deepest
two tips of the double rake probe are located at r =50 mm.
The biasing electrode is located 10 mm deeper inside the
plasma column and is positively biased at +220 V.
Figure 5 focuses on a time window of 0.4 ms in the
biasing phase showing three complete oscillating
phenomena. The abrupt transition from a steep to a flat Vf
profile with a frequency of 10 kHz is shown in the top panel.
This feature is quantified in the middle panel of Fig. 5, where
the  Er time evolution is plotted. The radial electric field
reaches values up to 25 kV/m within a highly sheared region
of » 1 cm indicated by the bright spots. These structures are
propagating radially outwards as emphasized by the dashed
line in the middle panel of Fig. 5. The propagation velocity
can be deduced from its slope and was found to be
approximately 0.2 km/s. The barrier collapses when it
reaches the radial position of the LCFS, which is at rLCFS = 67
mm in this particular case. Moreover, it is evident that the
radial width of the transport barrier becomes narrower when
it approaches the LCFS.
Fig. 5. Temporal evolution of the radial profiles of the
floating potential, the radial electric field and the ion
saturation current during the biasing phase
The bottom panel of Fig. 5 shows that the density
profile becomes broader after the collapse of the transport
barrier and a burst of the plasma particles starts to
propagate towards the wall. This phenomenon was
investigated in detail in [8, 9], where the characteristic
propagation velocity of the density burst was determined
by a technique of conditional averaging and was found to
be 0.4 km/s. When the density burst approaches the first
wall elements (in particular the poloidal limiter) an
increase of the intensity in the Ha line emission is
observed. This is a signature of an enhanced recycling
during the collapse of the transport barrier. This feature is
discussed in [13] in more detail.
The arrangement of the double rake probe allows
simultaneous measurements of the radial and the poloidal
component of the electric field, if both rows measure the
floating potential. The result is shown in Fig. 6.
Fig. 6. Temporal evolution of the radial profiles of
the radial and poloidal component of the electric field
during the biasing phase. Position of the LCFS is
65 mm in this case
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Figure 6 clearly shows that a significant poloidal
component of the electric field (marked by bright
patterns) exists during the phase when the transport
barrier is formed. The position of the region with the
amplified poloidal field, Ep, corresponds to that of the
radial component. Its radial width appears to be narrower.
It should be noted that the amplitude of Ep is of about 3
times less than the radial component, Er ~ 3Ep. The
resulting EpxBt velocity is oriented inwards, i.e. the radial
drift contributes to steepening of density profiles. On the
other hand, the poloidal electric field of the opposite sign
is formed during the collapse of the transport barrier, as
marked by dark spots in Fig. 6. This region of Ep is quite
narrow and localized almost exactly at the LCFS. The
corresponding EpxBt velocity and the resulting radial flux
is oriented outwards. This is confirmed by the temporal
evolution of the ion saturation current as shown in Fig. 5.
3.3. FREQUENCY OF RELAXATIONS
Let us now concentrate on mechanisms, which
determine the frequency of the relaxations. Fig. 5
demonstrates that the transport barrier moves radially. It
seems that as it reaches the LCFS, the radial electric field
is short-circuited allowing a new barrier to be formed.
Such a picture implicates that the frequency of the
relaxations could be determined by the propagation time
of the barrier from its original position (close to the
biasing electrode) up to the LCFS,
f = vr / (RLCFS-Relectrode).          (1)
This hypothesis was tested in series of experiments and
the result is shown in Fig.6 where the relaxation
frequency is plotted as a function of the electrode-LCFS
distance, RLCFS-Relectrode.
Results of two series of discharges are presented. In
the first series the radial position of the electrode is varied
from shot-to shot, while the vertical position of the
plasma column remains fixed. In the second series of
shots the electrode is located at a fixed radial position, but
the vertical position of the plasma column is now
changing in between successive discharges.
The characteristic frequency of the relaxations is deduces
from the shape of the autocorrelation function (ACF) of Vf-
and Is- fluctuations, which are measured by the double rake
probe. The size of the data-points, each corresponding to a
single discharge, is proportional to its relative credibility.
This credibility is determined by the quality of the ACF fit of
the Langmuir probe data. It is see that the relaxations are
well visible especially for RLCFS-Relectrode= 20…30 mm and
they disapper completely, if the electrode is in the proximity
if the LCFS. Figure 7 demonstrates that the relaxation
frequency roughly follows the expression (1), where the
propagation velocity of the transport barrier vr = 220 m/s is
close to that found also in Fig. 5. Therefore, we conclude that
the proposed model is proved.
3.4. POLOIDAL PROFILES
In order to get information on the poloidal extent of
the edge relaxations, an array of poloidally distributed
probes along the leading edge of the poloidal limiter have
been exploited. The results of such measurements are
plotted in Fig. 8, where the active pins of the array were
configured for measuring Vf with a poloidal resolution of
11 mm at the radial position of 87 mm. Due to limitations
in the data acquisition system, only data from the top to
high field side of the torus are plotted (the poloidal
coordinate runs counter-clockwise and the angle 0o
corresponds to the low field side of the torus). The bias
voltage is applied from 10 to 15 ms. Footprints of
relaxations are clearly visible as strips, which are parallel
to y-axis. This indicates that the relaxations of the edge
plasma simultaneously appear on a particular magnetic
surface all around the torus. Consequently, their poloidal
mode number is around zero.
Fig.7. Frequency of relaxation plotted as the function
of the distance of the electrode from the Last Closed
Flux Surface. The blue line is a prediction according
the expression (1) for vr = 220 m/s
Fig. 8. Poloidal distribution of floating potential along
a fraction of the poloidal probe array located
at the radius  r = 87 mm
3.5. FLOW MEASUREMENTS
Additional information on the nature of periodic
relaxations follows from flow measurements performed
by the Gundestrup probe [9,10,11]. An example of the
temporal evolutions of the parallel, M||, and poloidal, Mpol
Mach numbers are shown in the Fig. 9. The periodic
modulation of both flows, with the same frequency as for
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other edge parameters, is clearly observed. In particular,
the increase of the poloidal flow velocity corresponds to
the build-up of the transport barrier as expected. The
collapse of the transport barrier is accompanied by an
increase of the parallel flow velocity. The trace of the Ha
line intensity, which is overplotted, is in phase with the
minima in the perpendicular plasma flow.
Fig. 9. Evolution of the poloidal and parallel Mach
numbers during a discharge with relaxation events
4. CONCLUSIONS
Biasing experiments performed on the CASTOR
tokamak resulted effectively in inducing an improved
plasma confinement, characterized by the formation of an
edge transport barrier, characterized by steep gradients in
the edge plasma density and radial electric field. If the
biasing electrode is sufficiently deep inside plasma and
biased to a relatively high voltage, the transport barrier
collapses quasi-periodially with characteristic frequency
6…18 kHz. The critical value of the radial electric field
required for onset of relaxations is in the range of
25…30 kV/m. The corresponding ExB velocity appears to
be a significant fraction of the ion sound velocity. This
frequency is determined by the time of radial propagation
of the barrier from the electrode to LCFS with velocity
~200 m/s. These relaxation events are found to be
associated to a stream of density radially propagating
towards the wall, caused by poloidal electric field formed
at the LCFS during the collapse of the transport barrier.
Gundestrup probe reveals corresponding periodic changes
in the plasma flow direction from pure poloidal within the
transport barrier, to angled poloidal-parallel direction
during the relaxations.
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